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Recent history ...
Recycler works hard to produce small emittance beams (3D)

As Recycler delivers more intense, smaller antiproton 
bunches, often see degradation of proton beam lifetime 

Traditionally, considered Tevatron operation as ``weak’’ 
antiproton bunches in presence of ``strong’’ proton bunches 

Acting as a lens, the strength of the beam-beam 
interaction of pbars on protons now can be essentially the 
same as for protons on pbars

However, the Tevatron beams do have different sizes, and 
the effects are nonlinear; this influences the tune spread 
of the two beams differently
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Particle Lifetimes

~100 stores since last long shutdown

Lifetime, first two hours of Store

0

5

10

15

20

25

30

35

40

45

50

0.5 0.55 0.6 0.65 0.7 0.75 0.8

Ratio of antiproton to proton beam sizes

P
a
r
ti

c
le

 L
if

e
ti

m
e
 (

h
r
)

protons antiprotons Linear (protons) Linear (antiprotons)

 # 0 Store  # 1 time started set up  # 12 MCR avg initial lum - default (1E30) # 59 DC Beam Lifetime (hours) # 66 pbar H emitt,  Remove Halo (pi-mm-mrad) # 73 pbar V emitt,  Remove Halo (pi-mm-mrad) # 79 p H emitt,  Remove Halo (pi-mm-mrad) # 84 p V emitt,  Remove Halo (pi-mm-mrad) # 125 p lifetime,  1st 2 hours into store (hours) # 126 pbar lifetime,  1st 2 hours into store (hours) # 128 p not lum lifetime,  1st 2 hours into store (hours) # 129 pbar not lum lifetime,  1st 2 hours into store (hours)sizeRatio

5989 3/17/08 4:29 315.55 24.54 6.81 8.56 20.02 17.6 28 20.28 0 0 0.63776552

5934 2/26/08 13:43 284.9 26.63 6.99 9.26 20.77 17.73 30.5 19.77 48.07 90.08 0.64749398

6013 3/29/08 14:53 280.86 23.84 6.69 8.42 20.96 18.04 24.81 22.48 37.04 141.09 0.62126602

6027 4/6/08 14:35 280.81 24.57 7.01 9.19 20.46 17.71 26.67 20.7 0 133.18 0.64934774

5974 3/10/08 19:36 278.2 23.05 6.72 8.36 19.34 15.87 25.29 19.36 37.62 99.18 0.65408703

5927 2/24/08 1:13 276.64 28.92 6.08 8.33 19.97 16.89 32.98 22.7 54.25 239.85 0.62249407

5852 1/17/08 9:24 275.4 27.79 5.74 8.03 16.89 14.77 31.3 22.21 52.23 144.34 0.65562322

6007 3/26/08 7:37 275.1 18.86 6.12 8.74 21.81 18.36 18.58 23.35 24.1 0 0.60455195

6008 3/27/08 4:14 271.21 22.6 6.51 8.78 21.49 19.51 22.83 24.76 31.86 271.77 0.60763874

5861 1/23/08 22:33 270.05 23.27 5.84 7.92 18.06 16.54 24.42 22.98 35.14 153.96 0.62729409

6028 4/7/08 13:50 268.27 21.94 6.54 8.68 20.53 17.45 22.69 21.64 31.07 174.83 0.63092578

5876 2/1/08 14:13 264.73 27.43 5.53 8.51 18.4 17.19 28.72 26.53 44.01 859.52 0.62106957

5970 3/9/08 21:11 263.92 21.28 5.95 8.08 19.61 17.05 22.84 20.28 33.05 85.14 0.61578852

5944 2/29/08 13:22 263.43 23.36 5.84 7.69 21.66 18.77 23.81 22.58 33.6 183.3 0.57650638

5850 1/16/08 3:05 262.68 18.97 5.21 7.36 18.3 15.81 18.81 22.96 24.78 148.21 0.60336921

6020 4/1/08 5:31 261.73 21.39 6.99 9.1 21.81 18.84 22.74 20.49 30.35 0 0.62725698

6011 3/28/08 18:09 260.55 24.42 7.53 9.5 21.42 18.53 26.31 21.25 38.19 119.95 0.65156226

5835 1/8/08 15:10 259.92 18.09 8.9 10.82 24.3 16.58 16.22 27.94 20.35 293.29 0.69920837

5990 3/18/08 3:24 259.78 20.38 5.26 7.06 22.29 24.19 21.35 22.2 27.6 63.22 0.5122844

6005 3/25/08 8:16 259.23 20.77 6.69 8.41 21.04 20.71 19.83 26.19 25.67 350.83 0.59944462

5978 3/12/08 17:16 258.97 21.52 6.78 8.86 21.1 21.1 21.27 23.31 27.91 214.53 0.60607257

6026 4/5/08 16:42 256.37 31.84 8.79 11.22 21.1 18.77 37.52 21.93 66.1 144.62 0.70641311

5911 2/15/08 13:29 256.12 18.66 7.26 8.1 18.76 16.72 17.41 22.48 22.85 93.76 0.65801854

5903 2/12/08 14:38 254.68 25.13 9.56 10.88 18.91 16.58 29.46 17.75 43.43 49.08 0.75893168

5899 2/10/08 19:44 252.35 11.75 6.42 8.41 24.88 22.26 9.81 26.09 11.68 110.88 0.55877745

5871 1/27/08 21:42 252.184 17.22 4.95 6.85 20.04 16.13 17.09 20.06 0 0 0.56910306

5985 3/14/08 23:15 250.23 26.61 6.36 8.38 20.4 18.11 29.5 21.77 0 0 0.61629427

5901 2/11/08 19:35 250.12 8.85 6.78 8.1 20.73 18.5 6.77 30.64 7.41 189.02 0.61515693

6069 4/21/08 13:13 250.04 19.48 6.7 8.58 19.68 16.46 21.92 16.4 28.96 51.74 0.64904796

5832 1/7/08 15:37 249.54 19.04 18.44 22.84 24.01 16.2 17.84 27.22 22.92 498.29 1.02008758

5991 3/19/08 9:38 248.58 26.6 6.48 8.55 20.02 20.4 28.62 23.74 41.04 555.9 0.60689243

5977 3/11/08 20:27 247.4 20.32 5.98 8.1 21.63 20.71 19.98 24.21 25.99 227.18 0.57343922

5912 2/16/08 16:14 247.02 15.67 9.41 9.7 20.28 18.46 14.66 21.88 17.96 72.11 0.70269268

6003 3/23/08 11:55 245.02 19.74 6.74 8.92 20.81 24.64 18.64 25.92 0 0 0.58516453

5925 2/23/08 1:15 244.66 18.45 9.14 12.51 19.89 17.31 18.94 19.27 23.54 71.55 0.75913307

5860 1/22/08 21:43 243.85 23.36 6.01 8.52 17.82 16.38 25 21.79 34.98 135.45 0.64717706

5881 2/3/08 0:33 243.3 19.04 7.11 10.74 21.9 18.68 18.08 22.48 22.78 79.67 0.65729938

6004 3/24/08 12:03 242.93 20.48 5.76 7.55 21.61 21.14 19.72 25.33 24.98 304.24 0.55545953

6067 4/20/08 4:58 241.35 12.34 6.75 8.72 20.53 16.52 12.16 14.95 14.02 37.44 0.64543917

5887 2/5/08 13:11 241.13 22.76 6.01 8.65 18.61 17.44 23.26 24.39 32.08 134.75 0.63262949

6070 4/22/08 5:15 241 23.29 6.77 9.57 20.62 17.25 25.77 18.31 34.75 72.48 0.65328955

6068 4/20/08 20:43 240.05 13.88 7.51 10.33 20.46 17.03 14.26 14.88 16.77 36.78 0.68691816

5966 3/7/08 8:44 239.28 19.12 5.41 7.2 20.27 18.32 19.17 20.6 24.01 190.78 0.56909876

6001 3/22/08 10:02 239.12 25.14 7.73 10.76 21.42 20.83 25.84 25.44 35.4 331.09 0.6570838

5872 1/28/08 22:18 238.44 34.54 3.15 8.29 19.37 15.62 41.38 25.18 87.63 0 0.54201787

6066 4/19/08 10:17 237.93 14.04 6.86 8.72 20.61 17.01 14.28 15.68 16.73 43.91 0.64270928

5968 3/8/08 15:29 236.04 28.19 6.55 9.03 20.01 18.45 31.06 22.76 46.69 203.48 0.63266149

5984 3/13/08 23:08 235.94 22.77 5.82 7.63 20.25 18.73 23.4 23.04 31.51 268.96 0.58495328

5993 3/20/08 3:50 234.08 24.68 6.2 8.44 22.5 17 26.31 20.68 36.08 0 0.60817095

5830 1/6/08 12:56 232.88 17.15 8.03 6.74 23.74 13.87 15.98 28.61 19.85 680.7 0.63672891

5825 1/4/08 7:44 232.74 17.38 7.55 6.04 21.37 16.03 16.2 25.8 20.34 313.48 0.60403411

5827 1/5/08 10:11 231.38 19.24 7.88 6.78 21.01 14.81 18.59 25.47 23.75 534.09 0.6437151

5885 2/4/08 12:07 231.07 33.33 5.39 8.4 16.96 16.09 37.44 24.52 64 484.99 0.63822166

5873 1/30/08 5:33 229.61 26.23 5.96 8.7 18.17 16.82 27.3 25.24 37.98 291.61 0.64179473

5888 2/6/08 16:18 226.33 24.61 4.86 7.18 19.23 17.8 24.13 27.75 32.54 2934.52 0.56505452

5905 2/13/08 13:42 225.74 13.69 8.67 9.83 21.16 21.4 11.5 28.92 13.26 170.48 0.65865925

5909 2/14/08 18:11 221.78 12.76 7.63 8.9 23.73 23.92 10.25 31.26 11.87 220.11 0.58811724

5841 1/12/08 9:56 221.61 18.42 8.88 8.24 23.55 16.55 16.69 30.32 20.51 902.73 0.65824538

5838 1/11/08 1:22 217.89 20.77 8.25 8.11 23.39 16.07 19.58 28.82 24.86 8999.1 0.64954191

6047 4/14/08 18:57 214.68 38.68 6.26 8.52 20.29 17.69 48.68 20.09 85.36 125.88 0.62087048

5898 2/9/08 20:19 213.62 6 5.59 7.15 24.6 22.89 4.81 30.32 0 0 0.51615987

5919 2/18/08 20:11 213.6 19.66 8.59 9.86 21.87 19.72 18.66 27.36 23.29 164.3 0.66570006

6065 4/18/08 15:30 211.57 19.72 5.91 7.61 20.32 16.92 21.03 17.34 26.01 64.22 0.60139805

5933 2/25/08 15:27 211.46 32.52 5.92 7.9 20.84 17.64 35.95 21.34 53.52 192.72 0.5972252

5805 12/16/07 15:41 210.96 11.53 7.19 6.24 20.87 16.87 8.25 28.24 11.1 -4201.51 0.59747397

5802 12/15/07 7:42 210.47 17.78 7.08 6.47 21.53 17.38 16.4 28.82 20.09 1048.34 0.59150842

5842 1/13/08 9:14 209.02 17 7.99 7.5 25.23 16.56 14.96 33.36 17.89 -65483.7 0.61540017

5870 1/26/08 23:12 208.07 25.36 5.4 7.63 18.74 16 26.78 22.43 36.33 171.69 0.60884561

6021 4/2/08 4:00 206.28 17.31 6.48 8.17 22.96 19.41 16.86 21.69 19.82 0 0.58708355

6051 4/16/08 3:55 206.07 23.07 5.4 7.13 20.99 18.77 24.79 19.56 31.99 114.88 0.55911564

5820 1/1/08 8:11 203.97 16.64 6.34 5.17 21.34 15.23 15.34 27.02 18.55 1047.68 0.56353562

5809 12/18/07 3:15 200.31 36.51 11.41 11.05 20.87 15.68 39.93 29.18 67.91 2275.76 0.78785238

5801 12/14/07 10:53 197.32 17.18 7.33 6.14 21.17 16.85 16.02 29.34 19.16 1615.82 0.59598852

5846 1/15/08 0:38 193.81 24.01 7.51 7.11 21.35 15.19 25.56 22.97 33.97 259.64 0.63699859

5819 12/31/07 13:43 193.22 12.14 6.8 5.28 21.41 15.02 10.77 26.08 12.53 680.9 0.57804821

5811 12/19/07 17:09 191.54 17.12 5.86 4.32 20.54 15.66 15.58 28.51 18.82 977.36 0.52966014

5891 2/7/08 15:53 191.33 18.15 7.43 8.5 25.95 16.88 16.48 28.75 19.53 290.82 0.61620396

5770 12/2/07 21:54 190.99 16.26 5.91 5.14 20.84 17.54 13.46 33.48 16.04 -4504.22 0.53691535

5795 12/11/07 22:10 187.07 17.73 5.29 4.89 19.91 16.13 17.25 30.55 21.33 5887.3 0.53273929

5768 12/2/07 0:53 186.83 15.12 6.92 7.28 20 16.33 14.16 30.25 16.6 1367.7 0.62669369

5837 1/10/08 4:44 184.56 27.6 7.66 7 20.76 14.78 28.98 24.81 38.24 662.81 0.64655616

5859 1/21/08 23:21 184.4 30.74 5.89 7.86 16.49 15.05 33.99 22.61 46.55 251.63 0.65719639

5813 12/20/07 9:48 183.23 10.17 6.21 5.24 20.03 15.4 8.92 19.96 9.94 80.91 0.56990872

5821 1/2/08 2:11 181.64 15.73 6.4 4.49 23.85 16.8 13.63 32.27 16.16 4281.51 0.5174962

5897 2/9/08 2:14 181.14 12.28 5.11 6.77 19.82 16.82 11.42 20.3 12.56 124.77 0.56757072

5853 1/18/08 13:45 180.84 31.7 8.3 11.89 16.86 16.11 37.12 21.61 52.56 147.9 0.77638424

5943 2/28/08 21:51 180.68 50.08 7.39 10.19 20.18 15.67 108.44 12.83 412.52 26.01 0.69856547

5741 11/21/07 13:01 178.16 16.79 5.69 5.04 20.2 16.86 14.64 33.88 17.56 1360.88 0.53868324

5791 12/10/07 2:59 176.85 20.58 6.54 5.73 19.87 14.39 20.08 22.95 24.68 229.35 0.60168395

5800 12/13/07 16:52 174.35 11.54 5.33 4.54 20.5 19.18 10.23 29.93 12.73 352.46 0.49807547

5737 11/20/07 4:33 173.36 17.41 5.88 5.44 19.38 16.21 15.43 31.22 18.4 15546.54 0.56488476

5792 12/10/07 18:15 173.16 15.41 5.76 5.2 22.39 16.01 13.7 29.79 15.89 785.99 0.53764437

5761 11/30/07 2:18 172.6 19.46 6.99 7.26 19.21 15.69 18.22 27.64 22.22 290.46 0.64056893

5788 12/8/07 18:10 172.45 15.25 5.83 5.16 20.95 15.69 14.63 22.72 16.82 190.2 0.55001916

5808 12/17/07 3:54 169.7 14.16 6.4 5.41 21.23 15.91 13.39 25.06 15.3 260.6 0.56583429

5743 11/22/07 12:43 168.16 12.45 5.66 4.98 21.48 18.75 10.29 37.95 12.8 2627 0.51434267

5760 11/29/07 10:33 166.82 19.5 6.18 6.64 17.23 14.5 18.19 27.34 22.17 265.82 0.63661346

5745 11/23/07 23:24 161.38 10.91 6.3 6.08 21.55 19.16 8.33 36.48 9.42 549.52 0.55188722

5787 12/7/07 9:44 159.44 16.5 6.38 5.82 20.44 14.91 15.67 24.6 18.02 350.91 0.59080788

5824 1/3/08 3:34 155.6 17.24 6.01 5 21.42 14.99 16.25 24.62 18.7 684.09 0.55310278

5965 3/6/08 11:47 154.89 25.54 3.71 5.6 19.7 15.82 26.93 18.93 32.84 246.38 0.50812704

5750 11/26/07 4:10 153.14 14.08 5.7 5.55 19.75 17.03 12.3 34.2 14 989.6 0.5537918

5874 1/31/08 14:12 151.69 40.1 5.8 8.22 19.31 15.48 45.94 21.25 65.28 188.84 0.63195571

5751 11/26/07 22:09 151.52 14.16 5.67 5.21 19.65 16.54 13.8 34.09 16.05 693.92 0.54907375
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Earlier History ...
In early Tevatron running (1980’s) and in SppS, found 
that intense proton beams affected the antiproton 
beam lifetime due to beam-beam interactions when 
total ‘tune shift parameter’ ξ ~ 0.025

The tune shift parameter given by:

N = no. particles per bunch, ϵ = 95% norml.  
emittance, ro = proton classical radius

note:  6x6 --> 12 “interactions” per turn, producing 
ξ ~ 0.002 per interaction

 the reason for helical orbits

ξ =
3roN

2ε
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Resonance Lines in tune space indicate potential 
problem spots for operation

Tev working point:

~ 20.59, 20.58

Tune Diagram
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The Beam-Beam Force
Force, and its derivative (gradient), vary with position
Gradients determine oscillation frequency ...
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force (arb. units)

gradient (arb. units)

exp((−− r2 2σσ2))

!B !E

Displacement from center of bunch:
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The Beam-Beam Tune “shift”
Due to nonlinear nature of the perturbation, ``the 
tune’’ of a particle only has meaning in average sense,

ξ =
3roN

2ε

Amplitude of particle oscillation:

small amplitudes, stay within center of other beam;
large amplitudes, most of time “outside” of  other beam

0 1 2 3 4

0.
0

0.
4

0.
8

Tune shift vs. amplitude

r σσ

ΔΔ
νν
ξξIf unequal 

transverse sizes, 
the two interacting 

beams will have 
unequal tune 
distributions
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A Numerical Example

Let’s use:

But:

 (due to p)

 (due to pbar)

σp̄/σp =
√

4
14
≈ 1

2

ξ =
3(1.5× 10−18)(250× 109)

2 · 14π 10−6
= 0.0125

ξ̄ =
3(1.5× 10−18)(70× 109)

2 · 4π 10−6
= 0.0125

Note:
  2 IR’s make total of 0.025
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Cold Pbars...
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(for comparison)

= 0.025, for 2 IR’s

9Monday, April 28, 2008



Now, increase Antiproton 
beam size...

Take above condition, and imagine doubling the 
antiproton emittance to 8π mm-mrad

Results:

Look at new tune distributions...

σp̄/σp =
√

8
14
≈ 3

4

ξ̄ =
3(1.5× 10−18)(70× 109)

2 · 8π 10−6
= 0.0062 = ξ/2
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After the increase...
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Now, roughly equal tune spreads in both beams
 --> next, center these distributions appropriately

= 0.025, for 2 IR’s
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PBJ on Rye...
Wish to manageably increase the antiproton beam size 
before initiate collisons

can (sometimes do) mismatch (mis-steer) at injection

however, keeping size small through injection/accel 
can be beneficial

At high energy, use noise source on plates of pbar 
damper system to jostle the pbars transversely (PBJ) , 
increasing amplitudes of particle motion (emittance)

emittance increase prop. to time left on

Needs calibration and a more automated implementation
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Remarks
No longer in weak-strong regime; must consider effects of 
pbars on the proton beam

As push up pbar intensities and optimize integrated 
luminosity, need to “tailor” the beam sizes, intensities in 
order to land in reasonable regions of tune space

Final adjustments to antiproton emittances can be 
beneficial at high energy; gaining experience with new 
technique using damper system (PBJ)

Attempting to develop algorithm/recipe to make 
appropriate adjustments reproducible and reliable

Reducing overall tune spreads may allow for higher proton 
bunch intensities as well
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back up ...
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Then and now...

Late 1980’s...

Today...

L =
3f0γN(BN̄)

β∗(ε + ε̄)
· H

=
3 · 47, 750 · (800/0.938) · (50× 109) · (20× 1010)

50 · (2× 20π × 10−4)
· 0.6 = 1030 cm−2sec−1

=
3 · 47, 750 · (980/0.938) · (300× 109) · (250× 1010)

30 · ((20 + 4)π × 10−4)
· 0.6 = 300× 1030 cm−2sec−1

ξ =
3 · 50× 109 · (1.5× 10−16)

2 · 20π × 10−4
≈ 0.002

ξ =
3 · 300× 109 · (1.5× 10−16)

2 · 20π × 10−4
≈ 0.012

(x6 x 2 --> 0.024)

( x2 --> 0.024)
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Estimating the Tune Spread 
due to Head-On Collisions
Assume tune varies only with phase space amplitude, as 
given on previous slide

Since each amplitude has a corresponding “tune,” look 
at how many particles exist at each amplitude and plot 
no. particles vs. tune 

dN =
N

2πσ2
e−r2/2σ2

r drdθ
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dN =

1
σ2

e−r2/2σ2
r dr

No. of particles per 
dr at radius r, and 
thus with tune ν:
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Example Recipe...

Suppose we like the conditions of previous slide...

Given no. of pbars available for a shot, determine no. 
of protons to use and their emittance to keep               
and tailor pbars accordingly to keep 

Ex:  

Run proton beam at beam-beam limit; if its emittance 
is already too large, leave as is

 i.e., make            

σp̄/σp ≈ 3/4

N =
7
2
N̄ ; ε = (3ro/2ξ) · N ; ε̄ =

4
7
ε

ξ̄ = ξ/2

ξ ≤ 0.012
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Assumes 80% make it to collisions, and that the conditions above “optimize” the luminosity lifetime

Exam
ple

only

L =
2f0γξ

r0β∗ · BN̄

1 + ε̄/ε
· H
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